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SUMMARY
This report covers work performed during the period November 1, 1970 thru
January 31, 1971 under Phase II of NASA contract NAS5-11634.
Ranging tests were conducted using transponders at Shannon, Ireland;
Reykjavik, Iceland; Gander, Newfoundland; Buenos Aires, Argentina; and Seattle,
Washington.
In addition, flight tests were conducted with the Federal Aviation Admin-
istration (FAA). A DC-6 aircraft and a C-135 aircraft were each equipped with
tone-code ranging transponders and flown within range of the EAIR Precision
Radar at the FAA National Aviation Facilities Experimental Center (NAFEC),
Atlantic City, New Jersey. Flight patterns were flown over water off the New
Jersey coast and over land within range of the radar. Separation of the air-
craft was controlled and measured by onboard equipment. The aircraft were
flown at two altitudes - approximately 20,000 feet and 5,000 feet - to measure
the effects of sea reflection multipath and other factors affecting the ability
to track the aircraft relative to each other by range measurements from the two
satellites.
The FAA flew a DC-6 aircraft from Atlantic City to Thule, Greenland and
return. Ranging measurements were made to the aircraft in flight and on the
ground at way-points enroute, While the aircraft was at Thule, a ground refer-
ence transponder was set up and synoptic data were taken continuously over a
twenty-four hour period with the stations at Shannon, Reykjavik, Thule, Gander,
Buenos Aires and Schenectady. Analysis of the large quantity of data collected
during the flight test and twenty-four hour period is in progress, but not
sufficiently complete for inclusion in this report.
This report includes synoptic data collected during four days following a
solar flare. Range measurements were made from ATS-3 to Shannon, Gander,
Schenectady and Seattle at various times throughout each of the four days. No
effects of the solar flare were apparent in the data. Other observers using
different techniques reported that they did not observe effects of that particu-
lar solar flare. The data show a good day-to-day correlation of ionospheric
delay at each of the four locations. They also show a good correlation between
Schenectady and Gander, which are separated by approximately nine hundred nau-
tical miles. The day-to-night variation in the difference between the slant
range as determined from the NASA tracking data and the measured slant range
was smaller at Shannon than expected for ionospheric effects alone. It was
about equal to the expected ionospheric effects at Gander and Schenectady, but
larger than expected at Seattle. The increased day-to-night range variation
with westward location of the observing station suggested to us an error in the
satellite position predictions for those days. An attempt to interpolate a
different value from NASA tracking data taken on a epoch date prior to the per-
iod of the measurements and another epoch date after the period of the measure-
ments produced assumed satellite positions that increased the Shannon day-to-
night variation and reduced the Seattle day-to-night variation, but did not
fully account for the effects.
Range measurements were made from Schenectady to ATS-1 for half-hour per-
iods early in the mornings of October 31 and November 2. Range measurements
were made once each three seconds. The standard deviation of the difference
between the computed and measured slant ranges for 593 measurements made on
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October 31 was found to be 0,298 microsecond, and for 596 measurements made on
November 2, 0.434 microsecond, These represent two-way, one sigma ranging
resolutions of 150 and 215 feet.
Unusually large spin modulation has been observed on the ATS-3 satellite
during the period covered by this report. The spin modulation has an amplitude
of approximately 6-8 dB for our signals. It can cause a failure to respond to
a tone-code interrogation as well as an increase in the scatter of our measure-
ments. It was found possible to synchronize our interrogation rate with the
spin rate so that the effects on tone-code ranging were minimized during the
twenty-four hour period of synoptic measurements. We have cooperated with NASA
in several tests to measure the spin modulation characteristics.
iii
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INTRODUCTION
This report covers work performed during the period November 1, 1970 thru
January 31, 1971 under Phase II of NASA contract NAS5-11634. Previous reports
covering work under the contract are: Interim Report for VHF Ranging and
Position Fixing Experiment Using ATS Satellites, covering the period 25 Novem-
ber 1968 through 9 October 1969; and Periodic Progress Reports for ATS Ranging
and Position Fixing Experiments covering the periods 1 May through 31 July
and 1 August through 31 October 1970. A related experiment is also described
in General Electric Report No. 70-C-198, "Ranging and Position Fixing Experi-
ments Using Satellites, Twenty-four Hour Ranging Test, March 13-14, 1970".
During the period covered by this report ranging tests were conducted
using transponders at Shannon, Ireland; Reykjavik, Iceland; Gander, Newfound-
land; Buenos Aires, Argentina; and Seattle, Washington. The effects of sea
reflection multipath and the ability to track two aircraft relative to each
other were investigated by comparing two-satellite position fixes with pre-
cision radar fixes for two aircraft flying at 5 1 000 feet and 20,000 feet over
the Atlantic Ocean off the coast of New Jersey and over land within range of
the NAFEC Precision Radar. Synoptic measurements of the ionosphere were made
at intervals throughout each day of a four-day period using the transponders
at Shannon, Gander, Schenectady and Seattle, and continuously over a twenty-
four hour period with transponders at Gander, Reykjavik, Schenectady and Thule.
Measurements of ranging precision to ATS-1, which is below 2 degrees ele-
vation angle,were conducted during sunrise along the ray path in the ionosphere.
Data collected during the four-day period and the ranging precision measurements
are included in this report. Analyses of the large quantity of data collected
during the two-aircraft flight test and the twenty-four hour synoptic measure-
ments were not completed in time for inclusion in this report. They will be
included in the final report which will be submitted for NASA review in May.
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Four Day Synoptic Ionosphere Propagation Measurements
A solar flare was reported on October 28, 1970. Starting at 1905 GMT on
October 29, ranging measurements wore made at intervals on each day through
November 2, 1970, from ATS-3 to Shannon, Gander, Schenectady, and Seattle. No
unusual effects were observed due to the solar flare. The range measurements
provided a comparison of the ionosphere over the four ray paths from the satel-
lite to the transponders, and also a day-to-day comparison for each of the four
ray paths. There is evidence that the results were affected by errors in pre-
dictions of satellite positions.
Range measurements were made during approximately six half hour periods
spaced throughout each of the four days. During each half-hour period, approx-
imately 200 range measurements were made to each of the reference transponders
and 600 to Schenectady. The number of Schenectady measurements is larger be-
cause every interrogation of a distant transponder provides a range from Schen-
ectady to the satellite.
The differences between the measured and computed geometrical slant ranges
to the satellite were determined for each range measurement. NASA predictions
of satellite position were used in computing the geometrical slant range. A
"best fit" quadratic curve was fitted to the differences and the value of the
curve at the exact time of a NASA prediction was selected. This process smooths
the measured data and minimizes any errors that could result from interpolating
between the half-hourly satellite position predictions supplied by NASA.
The differences between the measured and computed geometrical slant ranges
are presented in Figures 1 through 4. The lines connecting the data points are
included only as an aid in following the changes; they do not represent data.
The diurnal effect of the ionosphere is clearly evident at each location.
The day-to-night change is smallest at Shannon, and increases with the westward
position of the station, being largest at Seattle. A check was made to deter-
mine if the increased diurnal change with westward location could be due to
satellite position prediction errors, but results of the check are not conclu-
sive. The data plotted in Figures 1 through 4 were based on satellite predic-
tions computed from tracking data with an epoch date of October 23.
Predictions for November 8, based on October 23 and November 8 tracking
data were obtained from NASA and are compared in Table 1. An error of 1/1000
of a degree in latitude can cause a ranging error larger than 0.5 microsecond
for mid-latitude locations. The expected day-to-night ionospheric change is
approximately 13-15 microseconds. If the difference between these expected
values and the observed values for Shannon and Seattle are due to satellite
position errors, the data suggest that the satellite was closer to Seattle
than its predicted position by approximately 2500 feet at 1000 GMT each day
and farther from Seattle by approximately 4400 feet at 2100 GMT each day. For
Shannon, the satellite was closer by approximately 1500 feet than predicted at
1700 GMT.
Figures 5 through 8 overlay the four days of data for each location to
show the day-to-day correlation for each one. The correlations are high, sug-
gesting that a model of the ionosphere could describe the ionosphere for those
2
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FIGURE. 5
DAY-TO-DAY CORRELATION - GANDER
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FIGURE 6
DAY-TO-DAY CORRELATION - SCHENECTADY
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FIGURE 7
DAY-TO-DAY CORRELATION - SEATTLE
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FIGURE 8
DAY-TO-DAY CORRELATION - SHANNON
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Idays within approximately ± 1.5 microseconds. A solar flare sometimes causes
the electron content in the ionosphere to increase by as much as 50 percent
above the normal value on the day of the event. It drops rapidly at dusk to a
value that is lower than normal. On the following few days the peak content is
lower than on a "normal" day, but gradually approaches the normal value. Delay
in the ionosphere is directly related to electron content along the ray path.
The day-to-day change observed in the experiment shows no effect of the solar
flare.
Correlation of the diurnal changes for Schenectady and Gander is indicated
by the plot in Figure 9. The earlier sun time is evident from the advanced
phase of the Gander plot.
Figure 10 presents Schenectady and Gander with a one hour time shift in
the Gander plot. If the Gander data were used to correct ranging measurements
for vehicles as far distant as Schenectady, approximately 900 nautical miles,
the corrected range measurements would be within approximately t 1.5 microsec-
onds, or + 700 feet. These results confirm the earlier twenty-four hour test.
Differences between measured and computed geometrical slant ranges are
plotted for all four stations superimposed in Figure 11. The satellite longi-
tude was 57 0W at the time of the measurements, The subsatellite point is west
of Shannon, east of the other stations. Solar events, such as sunrise and sun-
set in the ionosphere occur later relative to their occurrence on the ground at
Seattle. For this reason the time shift of the diurnal changes in ionospheric
delay is shorter than the local time differences between the ground transponders.
The phase difference of the diurnal change between Shannon and Seattle is about
five hours instead of the eight hours difference in local time.
Ranging Precision Measurements
:Sb
	
'	 Ranging measurements were made from Schenectady to ATS-1 for half-hour
periods, 11 15 00 to 11 45 00 GMT on the mornings of October 31 and November 1.
	
PRs
	 ATS-1 is less than 2 degrees above the western horizon for the Observatory at
Schenectady. The test provided an excellent measure of the ranging resolution
	
?	 for the tone-code signal parameters used in the experiment. The standard devia-
tion of the difference between the computed and measured slant ranges for 593
measurements made on October 31 was found to be 0.298 microsecond, and for 596
measurements made on November 2, 0.434 microsecond. Interrogations were made
each 3 seconds during the half-hour periods and every interrogation provided a
range measurement that was included in the computation of the standard devia-
tion. The standard deviation represents two-way, one sigma ranging resolutions
.	 of 150 and 215 feet.
Tables 2 and 3 show the first few minutes of the computer print-outs for
the half-hour interrogation periods. Reading a data line from left to right,
	
F.:	 the first column, 0, is the user identification for the data print-out; in this
case, the Observatory. The second column is the date. The third column is the
time in Greenwich Mean Time. The fourth column identifies the satellite. The
fifth column is the difference between the measured slant range and the com-
puted slant range from the NASA prediction of the satellite position. The
sixth column represents the ground transponder that was interrogated on that
interrogation. WASH stands for Washington (Seattle); ICE9 stands for Iceland.
	
S	 None of the data in this particular print-out pertains to those users. The
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column on the right is the computed slant range from the satellite to the
Observatory expressed in the number of microseconds two-way propagation time,
assuming the free space velocity of light. The actual range measurement in
microseconds for any individual interrogation may be determined by adding 77.3
and the value in column 5 to the computed slant range in the right-hand column.
The number 77.3 is the total equipment time delay calibration value for the
Observatory and the satellite. It is listed at the top of the table as FOR
OBS = 77.3. Each value in column 5 therefore represents the difference between
the measured range and the sum of the computed slant range and the constant
equipment time delay. The standard deviations were determined by computing a
"best-fit" quadratic curve to the values in column_ 5 and then computing the
standard deviation of the individual measurements relative to that best-fit
quadratic curve.
Each of the tables represents approximately the first 2.5 minutes of the
half-hour of ranging data.
Precision of our tone-code ranging measurements has proven to be so good
that the linear interpolation between the half-hourly position fixes furnished
by NASA can sometimes introduce errors larger than our precision of measure-
ment. We rewrote the computer program to provide a cubic interpolation so that
our estimated positions of satellites between the half-hourly stated points are
precise within the 0.001 degree of latitude and longitude, and the 0.01 nauti-
cal mile earth center distance precision of the NASA predictions.
Two-Aircraft Flight Test
The Federal Aviation Administration flew two aircraft with measured and
controlled separations for the purpose of measuring relative position accuracy
of the satellite position fixes with the aircraft over land and over water.
The flight test was made on December 1, 1970 with a DC-6 four engine propeller-
driven aircraft and a C-135 jet aircraft. Each aircraft was equipped with a
tone-code ranging transponder. The DC-6 used the GE receiver and transmitter
and was equipped with a Dorne & Margolin Satcom antenna and a blade antenna.
The C-135 aircraft was equipped with a Bendix receiver and transmitter and a
blade antenna. Both aircraft were located by range measurements from the two
satellites and also by #-%e EAIR Precision Radar at NAFEC. The first flight
paths were flown at an altitude of approximately 20,000 feet over water. The
first leg of the flight was flown on a heading of 60 degrees, starting with the
C-135 aircraft one mile ahead and 500 feet higher than the DC-6 aircraft. As
the aircraft proce.ied on the 60 degree heading, the jet aircraft pulled ahead
so that at the end of approximately 15 minutes of flight time the jet aircraft
was 8 miles ahead of the DC-b. The.aircraft then repeated this procedure on
headings of 240 degrees, 150 degrees, and 330 degrees. The aircraft then flew
over land at 17,000 feet, performing similar flight paths with increasing separ-
ation cn. the same headings. The pattern of flight was repeated over water at
5,000 feet and then a portion was repeated over land at 5,000 feet. The test
occupied approximately 5.5 hours of time.
Dedicated Flight and Twenty-four Hour Synoptic Measurements
The FAA made a flight dedicated to our experiment from Atlantic City to
Thule, Greenland and return. The aircraft left Atlantic City on January 11
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and returned to Atlantic City on January 23. Ranging tests were made to the
aircraft in flight near Atlantic City; Gander, Newfoundland; Goose Bay, Labra-
dor; Sondrestrom, Greenland; Ocean Station Bravo; and over the Greenland icecap,
A twenty-four hour synoptic ranging test was made with the aircraft on the
ground at Thule. Range measurements were made continuously throughout the per-
iod to Thule and our transponders at Shannon, Ireland; Reykjavik, Iceland;
Gander, Newfoundland; and Buenos Aires, Argentina. Seattle, Washington could
not participate because the satellite was too far east so that it was below the
horizon. The ranging measurements to Thule were different than planned because
of an unanticipated circumstance. The elevation angle to the satellite is ap-
proximately four degrees from Thule. Its orbit is inclined slightly so that it
moves 1.31 north and south of the Equator. As viewed from Thule, it changes
elevation approximately _+ 1 1 from the nominal 40 during the twenty-four hour
period. A mountain south of the base at Thule is of such height that the satel-
lite was in view above the mountain for approximately twelve hours and shielded
from view by the mountain for approximately twelve hours. As a consequence, we
lost half of the diurnal pattern of ionospheric propagation delay change, but
we may find the data contain interesting information on the effects of iono-
spheric refraction and diffraction over the mountain as the satellite set and
rose. While the satellite was in view, communications with Thule were excellent.
All of the other ground terminals performed well throughout the test period.
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NEW TECHNOLOGY
There is no applicable data to be reported at this time.
PROGRAM FOR NEXT REPORTING PERIOD
All of the experimental work under the contract has been completed. A
large quantity of data is on hand as a result of three testing programs re-
cently completed with the FAA. These testing programs were the 5.5 hour
flight of two aircraft equipped with tone-code ranging transponders within
range of the EAIR Precision Radar at NAFEC, the flight to Thule, Greenland
and return, and the twenty-four hour synoptic test involving all of the trans-
ponders in the Atlantic basin, Work during the next reporting period will be
devoted to the processing and analysis of these data and the preparation of
the final report draft.
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
1, The test results continue to support previous estimates of absolute posi-
tion fix accuracy of one nautical mile, one sigma for craft within 600
nautical miles of a ground reference transponder, and suggest the distance
may be greater -- perhaps more than 900 nautical miles. The test results
indicate relative accuracy of one nautical mile, one sigma, without ground
reference stations for craft within approximately 900 nautical miles of
each other, and absolute accuracy of approximately two nautical miles,
one sigma, without ground reference transponders.
2. More than two years of tests under this program have yielded a large amount
of information on satellite link transmission characteristics as they af-
fect position surveillance and communications reliability. Each major
factor that contributes to position fix error or degradations of communi-
cations has been measured and will be quantified from the experimental
data.
3. The tone-code ranging technique would provide higher accuracy when used
with wider modulation and radio frequency bandwidths and at higher fre-
quencies where ionospheric propagation delays are smaller. The data col-
lected in the experiment can be used to extrapolate performance to the
other system parameters and the ionospheric measuring techniques demon-
strated in the tests would be useful for calibrating systems that operate
at higher frequencies.
Recommendations
1. An L-band transmission capability should be added to a VHF transponder
and comparisons of VHF and L-band should be made using the ATS-5 satellite
together with ATS-1 or ATS-3,
2. Experiments relating to systems aspects of the use of satellites for com-
munications and surveillance should be undertaken using the equipment that
is available as a result of the experimental program. There are many as-
pects of an operational system such as the operation of an automated fleet
20
r
6
I.
I
F
of merchant ships that would be independent of the radio frequency used
for the surveillance and communication links. The experience that has
been gained in the program and the availability of the equipment can ad-
vance the development of these important aspects of satellite applications.
3. Data collected in the experimental program can be used in analytical models
of air traffic control systems and provide a realistic basis for evaluating
the performance of systems based on the models.
4. The techniques and equipment developed in this program could be used for
synoptic measurements of the ionosphere and for calibrating position loca-
tion systems that operate at higher radio frequencies.
5. The techniques tested in the experiment would be very useful for the dis-
tribution of accurate time signals such as the service now provided by the
National Bureau of Standards on hf and for scientific and commercial appli-
cations that require accurate time synchronization at widely separated
locations.
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